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Amphiregulin, an Epidermal Growth Factor Receptor Ligand,
Plays an Essential Role in the Pathogenesis of Transforming
Growth Factor-B-induced Pulmonary Fibrosis™
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eration and pulmonary fibrosis.
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(Background: The interaction between TGF-$ and EGFR signaling in the pathogenesis of pulmonary fibrosis has not been
Results: Amphiregulin (AR), a EGFR ligand, is induced by TGF-f stimulation and regulates TGF-B-induced fibroblast prolif-

Conclusion: AR mediates TGF-B-stimulated pulmonary fibrosis through activation of EGFR signaling pathway.
Significance: AR or AR-activated EGFR signaling is crucial in the pathogenesis of TGF-B-induced pulmonary fibrosis.
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Dysregulated amphiregulin (AR) expression and EGR recep-
tor (EGFR) activation have been described in animal models of
pulmonary fibrosis and in patients with idiopathic pulmonary
fibrosis. However, the exact role of AR in the pathogenesis of
pulmonary fibrosis has not been clearly defined. Here, we show
that a potent profibrogenic cytokine TGF-f1 significantly
induced the expression of AR in lung fibroblasts iz vitro and in
murine lungs in vivo. AR stimulated NIH3T?3 fibroblast cell pro-
liferation in a dose-dependent manner. Silencing of AR expres-
sion by siRNA or chemical inhibition of EGFR signaling, utiliz-
ing AG1478 and gefitinib, significantly reduced the ability of
TGF-B1 to stimulate fibroblast proliferation and expression of
a-smooth muscle actin, collagen, and other extracellular
matrix-associated genes. TGF-f1-stimulated activation of Akt,
ERK, and Smad signaling was also significantly inhibited by
these interventions. Consistent with these in vitro findings, AR
expression was impressively increased in the lungs of TGF-£1
transgenic mice, and either siRNA silencing of AR or chemical
inhibition of EGFR signaling significantly reduced TGF-f1-
stimulated collagen accumulation in the lung. These studies
showed a novel regulatory role for AR in the pathogenesis of
TGF-B1-induced pulmonary fibrosis. In addition, these studies
suggest that AR, or AR-activated EGFR signaling, is a potential
therapeutic target for idiopathic pulmonary fibrosis associated
with TGF-1 activation.

Fibrotic disorders in lung and other organs affect millions of
individuals and result in significant morbidity and mortality (1).
In the lung, excessive fibroblast proliferation and extensive
extracellular matrix deposition affecting the interstitium are
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cardinal features of various forms of interstitial lung diseases
such as idiopathic pulmonary fibrosis, scleroderma, chronic
infection, or radiation-induced pulmonary fibrosis (2, 3). In
addition, basement membrane thickening and excessive colla-
gen deposition around the bronchial airways also contribute to
the pathogenesis of airway remodeling, a fibrotic process, in
airway diseases such as asthma (4). However, therapeutic tar-
gets that can be manipulated to control the development of
these fibrotic disorders have not been described, and the mech-
anisms that drive the tissue fibrotic responses in these diseases
are poorly understood.

TGEF-B family proteins are multifunctional cytokines that
have been implicated in diverse biologic processes including
cell growth and survival, cell and tissue differentiation, devel-
opment, inflammation, immunity, hematopoiesis, and tissue
remodeling and repair (5). Various studies have shown that
TGEF-B1 plays a central role in fibrogenesis (6). TGF-B1 con-
tributes to excessive tissue remodeling responses by delayed
epithelial wound repair via mechanisms that include inhibition
of epithelial proliferation, migration, and increased epithelial
apoptosis (7, 8). In addition, TGF-1 is essential in fibroblast
recruitment, myofibroblast differentiation, epithelial mesen-
chymal transition, and extracellular matrix deposition, which
expand the mesenchymal compartment of the lung (9-11). In
human fibrotic disorders, bioactive TGF-£1 expression is exag-
gerated in lungs from patients with idiopathic pulmonary fibro-
sis (12, 13). Expression of TGF-f receptors are increased in
fibroblasts from patients with scleroderma, which leads to
enhanced TGF-B1 signaling and elevated production of colla-
gen type I (14). Animal studies have also shown that TGF-B1 is
a critical mediator of bleomycin-induced pulmonary fibrosis
(15-17).

Interestingly, there is substantial literature to suggest that
EGFR signaling is implicated in the pathogenesis of tissue fibro-
sis, including pulmonary fibrosis. For example, increased
expression of EGFR and TGF-«, an EGFR ligand, were found in
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idiopathic pulmonary fibrosis patients and in the lungs of bleo-
mycin-treated rats, an animal model of pulmonary fibrosis (18,
19). TGF-a knock-out mice are protected from bleomycin-in-
duced fibrosis whereas TGF-a over-expression in the murine
lungs spontaneously induces progressive pulmonary fibrosis
(20, 21). The use of a selective EGFR tyrosine kinase inhibitor
(Gefitinib) prevents the development of bleomycin- or TGF-a-
induced pulmonary fibrosis (22, 23). These studies suggest that
EGER signaling plays an important role in the pathogenesis of
pulmonary fibrosis. However, it is not clear whether EGFR sig-
naling is involved in the pro-fibrotic pathway of TGF-f3, and the
interaction between these two growth factors signaling in the
pathogenesis of pulmonary fibrosis has not been investigated.

In this study, we found that TGF-B1 stimulated the expres-
sion of amphiregulin (AR),* an EGFR ligand, in NIH3T3 fibro-
blasts. We further investigated the specific cellular effects and
the role of AR in fibroblast proliferation and TGF-B-stimulated
responses in vitro and in vivo. In particular, the role of AR in
TGF-B1-stimulated signaling and tissue responses was evalu-
ated using AR-specific siRNA silencing and chemical inhibition
of EGFR signaling in fibroblasts in vitro, and in the lung of wild
type (WT) and TGF-B-overexpressing transgenic (Tg) mice in
vivo. These studies showed that AR is induced by TGF-f1 stim-
ulation, and AR plays an essential role in the pathogenesis of
TGEF-B-induced pulmonary fibrosis through activation of
EGER signaling.

EXPERIMENTAL PROCEDURES

Cell Lines and Recombinant Proteins—NIH3T3, BEAS-2B,
and A549 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). NIH3T3 cells were main-
tained in ATCC complete medium (ATCC-formulated Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% bovine calf serum, 1% penicillin-streptomycin). BEAS-2B
cells were maintained in BEAS-2B growth medium (RPMI 1640
medium with 25 mm HEPES, supplemented with 10% FBS, and
1% penicillin-streptomycin). A549 cells were maintained in
DMEM + 2 mM glutamine + 10% FBS. Normal human lung
fibroblasts were maintained in Fibroblast Basal Medium
(Lonza) + 10% FBS. Primary mouse lung fibroblasts were prop-
agated from C57BL/6 mice in DMEM/F12 + anti/anti and
maintained in Medium 199 + 15% FBS (24). All cells were
grown and maintained at 37 °C with 5% CO,. Commercially
available recombinant (r) AR (Sigma-Aldrich) and rTGF-B1
(R&D Systems) were used to stimulate cells in vitro.

Cell Proliferation Assay—Cells were seeded (4000 cells/well)
in 96-well plates. water-soluble tetrazolium salt-1 (WST1) rea-
gent (Roche Applied Science) to detect mitochondrial dehydro-
genase enzymes was added directly to cell culture medium 48 h
after serum starvation. After 1 h of incubation, the plate was
read at 450 nm with equipment reference reading at 630 nm.

In Vitro siRNA Silencing of AR, EGFR, and EGFR Inhibition—
To evaluate the role of AR in cellular responses, AR expression

3 The abbreviations used are: AR, amphiregulin; BAL, bronchoalveolar lavage;
ECM, extracellular matrix; EGFR, EGF receptor; r, recombinant; Sc, scram-
bled; a-SMA, a-smooth muscle actin; Tg, transgenic; WST1, water-soluble
tetrazolium salt 1.
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was knocked down using siRNA silencing. AR-specific siRNA
with >90% silencing efficiency was selected through in vitro
screening and used for all experiments (Bioneer Inc., Daejeon,
Korea). The following AR-specific and scrambled (Sc) control
siRNA sequences were chosen: AR sense, GGA CCU AUC
CAA GAUUGC A dTdT; AR antisense, UGC AAU CUU GGA
UAG GUC CdTdT; Control sense, CCU ACG CCA CCA AUU
UCG U dTdT; Control antisense, ACG AAA UUG GUG GCG
UAG G dTdT. Mouse EGFR siRNA was obtained from Santa
Cruz Biotechnology. Lipofectamine RNAIMAX Transfection
Unit (Invitrogen) was used for transfection of all siRNAs. For
chemical inhibition of EGFR signaling, cells were treated with
10 um AG1478 (EMD Bioscience, San Diego, CA) or gefitinib
(Tocris Bioscience, Ellisville, MO). There is no evidence of
cytotoxicity by lactate dehydrogenase assay at this concentra-
tion in airway epithelial cells (data not shown).

Antibodies for Immunoblot Analysis—Cell lysates were pre-
pared, and Western blot analysis was completed with antibod-
ies that react selectively with p-Akt, total Akt, p-ERK, total ERK,
p-Smad, total Smad2/3 (Cell Signaling Technology); a-smooth
muscle actin (SMA) (Dako); and B-actin (H-196; Santa Cruz
Biotechnology Technology) as described previously (25).

Lung-specific TGF-BI Tg Mice—TGF-B1 Tg mice previously
generated in our laboratory (C57BL/6 background) (25) were
utilized in these studies. These mice use the Clara cell 10-kDa
protein (CC10) promoter to specifically target bioactive
TGEF-B1 production in the lung. All animal experiments were
approved by the Yale School of Medicine Institutional Animal
Care and Use Committee (IACUC) in accordance with federal
guidelines.

In Vivo siRNA AR Silencing and Treatment with EGFR
Inhibitor—According to the established method in our labora-
tory (26, 27), 6-week-old TGF-B1 Tg and control littermates
were randomized to receive AR-specific or Sc siRNA intrana-
sally once a day for 14 days (3 nmol/mouse per day). For chem-
ical inhibition of EGFR signaling, mice were randomized to
receive AG1478 at 1 mg/mouse per day or vehicle (dimethyl
sulfoxide) for 7 days. Starting on the second day of treatment,
both WT and TGF-B1 Tg mice were given water containing 0.5
mg/ml doxycycline as described previously (25).

Quantification of Lung Collagen—Animals were anesthe-
tized, and median sternotomy was performed, and right heart
perfusion was completed with calcium- and magnesium-free
PBS. The heart and lungs were then removed. The right lung
was frozen in liquid nitrogen and stored at —80 °C until used.
Collagen content was determined by quantifying total soluble
collagen using the Sircol Collagen Assay kit (Biocolor, Accurate
Chemical and Scientific Co., Westbury, NY) according to the
manufacturer’s instructions.

Histologic Analysis—Lungs were removed en bloc as
described above, inflated to 25-cm pressure with PBS contain-
ing 0.5% low melting point agarose gel, fixed, embedded in par-
affin, sectioned, and stained. Hematoxylin and eosin, and Mal-
lory’s trichrome stains, were performed in the Research
Histology Laboratory of the Department of Pathology at the
Yale University School of Medicine. Bronchoalveolar lavage
(BAL) and lung inflammation were assessed as described pre-
viously (28).
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mRNA Analysis—mRNA was measured using real time RT-
PCR as described previously (25, 29). Total cellular RNA from
cell lysates or from WT and TGF-B1 Tg mice lungs were
obtained using TRIzol reagent (Invitrogen), according to the
manufacturer’s instructions. The primer sequences for EGFR
ligands and extracellular matrix (ECM) genes were obtained
from PrimerBank.

ELISA—AR levels in cell culture supernatants and mouse
BAL samples were quantified using an ELISA kit (R&D Sys-
tems) following the manufacturer’s instructions.

Smad Reporter Assay—Canonical TGF-B1 signaling path-
ways were assessed using dual reporter assays (SABiosciences)
according to the manufacturer’s instructions. Briefly, a Smad-
responsive firefly luciferase construct that constitutively
expressed Renilla luciferase was transfected into HEK293 cells.
After stimulation with TGF-f, alone or in combination with
siRNA, Smad activation was assessed by measuring the dual
luciferase activities.

Imunohistochemistry and Immunocytochemistry—Immuno-
histochemistry was utilized to localize AR and phosphorylated
EGER using antibodies against AR (Thermo Scientific) and
EGFR-p (Tyr'°®®; Cell Signaling) according to the procedures
described previously by our laboratories (28). Briefly, rehy-
drated slides were quenched with 3% hydrogen peroxide, Ag
retrieval was performed (Dako) and blocked with blocking
buffer (Dako). Slides were incubated with antibodies (1/200
dilution, overnight at 4°C) and then developed using
DakoCytomationEnvision+ System (Dako) and counterstained
with hematoxylin. Immunocytochemistry was undertaken to
determine the expression of a-smooth muscle actin (a-SMA).
Cells were fixed with 4% paraformaldehyde, blocked with 5%
BSA, and incubated with antibody against a-SMA (1/100 dilu-
tion, overnight at 4 °C). Slides were then incubated with Alexa
Fluor 555 goat anti-mouse IgG (Invitrogen) then coverslipped
with Vectashield with DAPI (Vector Laboratories, Burlingame,
CA).

Statistics—Values are expressed as mean = S.E. As appropri-
ate, groups were compared by ANOVA; follow-up comparisons
between groups were conducted using a two-tailed Student ¢
test. A p value of =0.05 was considered to be significant.

RESULTS

TGF-B1 Induces AR Expression in Fibroblasts—To investi-
gate the regulation of AR expression by TGF-B1, NIH3T3
fibroblasts were incubated with vehicle or recombinant (r)
TGF-B1 (10 ng/ml) for 1-16 h. TGF-B1 induction of AR gene
expression was noted as early as 6 h, and the levels of mRNA
expression and protein production in cell culture supernatants
were significantly increased (5-fold) after 16 h of rTGF-f1 stim-
ulation (Fig. 1 and data not shown). Although the bronchial
epithelial (BEAS-2B) cell line or A549 lung epithelial cells
express high levels of AR at base line, AR expression was not
significantly altered by the stimulation of rTGF-B1 (data not
shown). These results suggest that fibroblasts are the major
cells expressing AR in response to TGF-B1 stimulation.

AR Stimulates Fibroblast Proliferation in a Dose-dependent
Manner—To determine whether AR directly stimulates fibro-
blast proliferation and myofibroblast transformation, NIH3T3
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FIGURE 1. TGF-B1-stimulated AR expression in NIH3T3 fibroblasts. A, the
level of MRNA expression was evaluated by real time PCR after 16 h of TGF-31
(10 ng/ml) treatment. B, AR protein in cell culture supernatants of NIH3T3 cells
was quantitated by ELISA. Values are mean = S.E. (error bars) with three rep-
licates representative of four separate experiments. **, p < 0.01.
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FIGURE 2. AR stimulates fibroblast proliferation in a dose-dependent
manner. NIH3T3 cells with the indicated doses were stimulated for 48 h, with
recombinant AR, and the effect of AR on fibroblast proliferation was meas-
ured by WST1 cell proliferation assay. Values are mean = S.E. (error bars) with
four replicates per experiment, representative of two separate experiments.
*, p = 0.05; **, p = 0.01 compared with vehicle controls.

fibroblasts were treated with rAR for 48 h. rAR treatment sig-
nificantly enhanced fibroblast proliferation in a dose-depen-
dent manner, as evaluated by the WST1 cell proliferation assay
(Fig. 2). No myofibroblast transformation was observed with up
to 48-h AR treatment (data not shown).

AR Mediates TGF-B1-stimulated Fibroblast Proliferation,
Mpyofibroblast Transformation, and ECM-associated Gene
Expression—TGEF-B1-induced fibroblast proliferation, myofi-
broblast transformation, and expression of ECM-associated
genes are well described (30). Therefore, we investigated
whether AR plays a role in TGF-B1-stimulated fibroblast
responses. After transfection with Sc or AR-specific siRNA,
NIH3TS3 cells were treated with rTGF-B1 (10 ng/ml). The AR-
specific siRNA treatment significantly reduced AR expression
in both protein (>80% inhibition) and mRNA levels (>90%)
(supplemental Fig. S1). TGF-B1 stimulated fibroblast prolifer-
ation in cells treated with Sc siRNA (Fig. 34), but TGF-B1-
stimulated cell proliferation was abrogated in cells treated with
AR-specific siRNA (Fig. 3A). In cells treated with Sc siRNA,
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FIGURE 3. AR mediates TGF-B1-stimulated fibroblast proliferation, a-SMA expression, and expression of extracellular matrix-associated genes. A, the
role of AR in fibroblast proliferation was evaluated using WST1 assay after silencing of AR by siRNA. NIH3T3 cells were treated with scrambled (Sc) or AR-specific
(AR) siRNA, then stimulated with vehicle (PBS) (—) or TGF-B1 (+) (10 ng/ml) for 48 h. B, a-SMA expression was evaluated by Western blot analysis of cell lysates
from NIH3T3 cells treated with vehicle (=), TGF-B1(+), Sc- or AR-specific siRNA for 16 h as indicated. B-Actin was used as a loading control. C, immunocyto-
chemical (/CC) evaluation of a-SMA expression in NIH3T3 cells was performed. Red, a-SMA positive cells; blue, DAPI-stained nuclei. D, mRNA levels of a1-pro-
collagen (Col1-a1), a2-procollagen (Col1-a2), fibronectin, and tenascin C expression were evaluated by real time RT-PCR on the NIH3T3 cells treated with
vehicle (=), TGF-B (+), Sc,and AR siRNA as indicated. Values in Aand D are mean = S.E. (error bars) with four replicates per experiment. They are representative
of two separate experiments. B and C are representative of a minimum of three separate experiments. Values in D are mean = S.E. evaluations with three
replicates and are representative of two separate experiments. Scale bar, 25 um. *, p < 0.05; **, p =< 0.01.

TGE-B1 stimulated a-SMA expression significantly (Fig. 3, B
and C), whereas TGF-B1-stimulated a-SMA expression was
significantly inhibited in NIH3T3 cells treated with AR-spe-
cific siRNA (Fig. 3, B and C). These results suggest that AR
plays an important role in TGF-B1-induced fibroblast pro-
liferation and myofibroblast transformation. Finally,
TGF-B1 stimulated NIH3T3 fibroblasts treated with Sc
siRNA expressed ECM-associated genes such as collagen,
fibronectin, and tenascin C. TGF-B1-induced expression of
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these genes was reduced significantly in NIH3T3 cells
treated with AR-specific siRNA (Fig. 3D). These results
showed that AR plays an essential role in TGF-B1-stimulated
fibroblast proliferation, myofibroblast transformation, and
ECM gene expression. On the other hand, the role of AR as a
downstream mediator TGF-f3 has been further supported by
the observation that rAR effects on fibroblast cell prolifera-
tion was not inhibited by the treatment of Smad inhibitor
LY2157199 (supplemental Fig. S2A).
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FIGURE 4. AR modulates TGF-f1-stimulated Akt, ERK, and Smad signal-
ing. A, Western blot of NIH3T3 cell lysates after 16 h treatment with vehicle
(=), TGF-B1 (+), scrambled (Sc), or AR-specific (AR) siRNA as indicated. Phos-
phorylated (p-) and total forms of Akt, ERK, and Smad2 are illustrated.
B, HEK293 cells were transfected with Smad reporter constructs, and Smad
activation was quantitated by dual luciferase activity assay expressed as a
ratio of firefly versus Renilla luminescence. A is representative of two separate
experiments. Values in Bare mean = S.E. (error bars) with three replicates and
are representative of two separate experiments. *, p < 0.05; ns, not significant.

AR Mediates TGF-BI1-induced Akt, ERK1/2, and Smad
Activation—TGF-B1 binds to a type II receptor, which recruits
and phosphorylates a type I receptor to activate Smad-depen-
dent pathways. In addition, TGF-1 activates Smad-independ-
ent pathways such as PI3K-Akt or ERK1/2 MAPK pathways
(31-33). Because Akt and ERK1/2 activation are also involved
in response to EGFR activation (34, 35), we hypothesized that
AR might mediate TGF-B1-stimulated Akt and ERK1/2 activa-
tion via EGFR. To investigate the role of AR in TGF-B1-stimu-
lated signaling pathways, NIH3T3 fibroblast cells were trans-
fected with Sc or AR-specific siRNA and stimulated with
rTGF-B1 (10 ng/ml) for 16 h. TGF-B1 activated Akt, ERK1/2,
Smad, and EGFR phosphorylation, and each of these effects was
significantly decreased by siRNA silencing of AR (Fig. 44 and
data not shown). TGF-B-induced ERK1/2 phosphorylation was
also partly abrogated with AR siRNA knockdown after 30 min,
1h,and 4 h of TGF- stimulation, but Akt activation (phospho-
rylation) was only noted at the 4-h time point, and this activa-
tion was also partly abrogated with AR silencing (supplemental
Fig. S3). Interestingly, we did not note significant induction of
AR at the 30-min and 1-h time points (data not shown). Thus,
partial inhibition of ERK and Akt activation by AR silencing
might be associated with low level of AR expression at these
time points. These results suggest that AR, as a downstream
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mediator of TGF-, is not significantly involved in the initiation
of TGEF-P signaling, but it is an important mediator regulating
sustained activation of TGF-B signaling. Utilizing a Smad
reporter assay, we showed that TGF-B1-stimulated Smad acti-
vation was significantly decreased with siRNA silencing of AR
(Fig. 4B). These results suggest that AR mediates TGF-f1-stim-
ulated Akt, ERK1/2, and Smad activation in lung fibroblasts. On
the other hand, as a downstream mediator of TGF-S, AR itself
did not stimulate Smad activity (supplemental Fig. S2B).

EGIER Signaling Regulates TGFE-B1-stimulated Fibroblast
Proliferation, Akt, ERK1/2, and Smad Activation and o-SMA
Expression—We investigated whether EGFR activation was
involved in TGF-B1-stimulated fibroblast responses. TGF-B1
induced fibroblast proliferation and increased Akt, ERK1/2,
and Smad activation, and a-SMA expression in NIH3T?3 fibro-
blasts (Fig. 5). In addition, NIH3T3 cells treated with selective
EGER tyrosine kinase inhibitors, AG1478 (10 um) and gefitinib
(10 um), significantly reduced TGE-B1-stimulated cell prolifer-
ation, Akt, ERK1/2, and Smad phosphorylation, and a-SMA
expression compared with unstimulated controls (Fig. 5 and
supplemental Fig. S4). Immunocytochemistry to evaluate
a-SMA showed that TGF-B1-stimulated myofibroblast trans-
formation was abrogated by AG1478 (Fig. 5C). In addition,
AG1478 and gefitinib significantly reduced TGF-B1-induced
ECM-associated gene expression (supplemental Fig. S5). The
specific role of AR and EGER in lung fibroblasts were further
tested by EGFR knocking down using siRNA silencing
approach (supplemental Fig. S6). Together, these findings show
that EGFR phosphorylation (EGFR-p), activated by AR, was
involved in TGF-B1-stimulated fibroblast proliferation, myofi-
broblast transformation, Akt, ERK1/2, and Smad activation.

TGF-B1 Stimulates AR Expression and EGFR Phosphoryla-
tion in Murine Lung—To evaluate the role of TGF-B1 regula-
tion of AR and EGEFR signaling in vivo, studies were completed
to evaluate the expression of AR and EGFR activation (EGFR-p)
in the lungs of TGF-B1 Tg mice, which have active human
TGEF-B1 that is specifically expressed in the lung (25). Pulmo-
nary fibrosis in these TGF-B1 Tg mice has been extensively
characterized in our previous studies (25). To evaluate expres-
sion of AR and EGFR-p in this model, mRNA and protein levels
of AR were measured in the lungs from TGF-B1 Tg and WT
control mice at various time points after transgene activation
with doxycycline. These studies showed that TGF-B1 signifi-
cantly increased AR mRNA expression in the lungs from TGE-
B1" Tg mice compared with TGF-B1~ WT control mice (Fig.
6A). The peak induction of AR mRNA expression was seen at 7
days and persisted through 14 days of doxycycline administra-
tion (Fig. 6A). In a similar manner, AR protein measured in BAL
fluid was increased in the lungs of TGF-B1" Tg mice compared
with control mice (Fig. 6B). Immunohistochemistry showed
base-line expression of AR and EGFR-p, primarily in airway
epithelial cells in the lungs of WT mice. However, in TGF-81
Tgmice, AR and EGFR-p induction was most significant in lung
parenchyma (Fig. 6C and supplemental Fig. S7). These studies
showed that TGF-f1 is a potent stimulator of AR expression
and EGFR-p in the murine lung.
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stimulated with vehicle (=), TGF-B1 (+) alone or in combination with an EGFR inhibitor AG1478 (10 mm) for 48 h, and the effect of AG1478 on TGF-B-stimulated
fibroblast cell proliferation was assessed by WST1 assay. B, cell lysates of NIH3T3 cells treated with vehicle (—), TGF-B (+) alone or combined with an EGFR
inhibitor AG1478 for 16 h as indicated and activation (phosphorylation, p-) of Akt, ERK1/2 and Smad2/3, and a-SMA expression were evaluated by Western blot
analysis. B-Tubulin was used as a loading control. Densitometry analysis was performed on Western blots from three individual experiments. C, immunocy-
tochemical evaluation of a-SMA expression in NIH3T3 cells treated with TGF-$ (+) alone and with the addition of an EGFR inhibitor AG1478. Values in A are
mean = S.E. (error bars) evaluations with three replicates and are representative of three separate experiments. B and C are illustrative of a minimum of three
separate experiments. ¥, p = 0.05.

AR Mediates TGF-B1-stimulated Collagen Accumulation in
the Lung—To determine the in vivo role of AR in TGF-B1-
induced fibrosis, TGF-B1 Tgand WT mice were treated with Sc
or AR-specific siRNA (3 nmol/mouse per day for 14 days), and
collagen accumulation in the lungs was measured. Subepithe-
lial (peribronchial) and parenchymal fibrosis was significantly
decreased in TGF-B1 Tg mice treated with AR-specific siRNA
compared with mice treated with Sc siRNA (Fig. 7A). Consist-
ent with this histologic result, the total amount of collagen in
the lungs of TGF-B1 Tg mice was significantly decreased in
mice treated with AR-specific siRNA (Fig. 7B) compared with
mice treated with Sc siRNA. mRNA and protein analysis
showed that both AR transcript and protein levels were signif-

icantly decreased with AR siRNA treatment (Fig. 7, C and D).
These studies showed that AR plays an important role in TGEF-
Bl-induced collagen accumulation in the murine lung.

EGEFR Signaling Plays a Critical Role in TGF-B1-induced Pul-
monary Fibrosis—To determine whether EGFR activation is
involved in TGF-B1-induced fibrotic responses in vivo, WT and
TGEF-B1 Tg mice were treated with a selective EGFR tyrosine
kinase inhibitor, AG1478 (1 mg/mouse per day intraperitone-
ally), or vehicle alone (dimethyl sulfoxide). After 7 days of trans-
gene induction, collagen accumulation in the lung was meas-
ured by histology and Sircol quantitation. These experiments
showed that TGF-B1-induced collagen accumulation in the
lung was significantly decreased in mice treated with AG1478

AV DN
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FIGURE 6. TGF-B1 stimulates AR expression in vivo. A, AR transcript was measured in whole lung RNA extracts from WT and TGF-1 Tg mice using RT-PCR.
B, AR protein in BAL fluid from WT and TGF-B1 Tg mice was quantified using ELISA. C, AR expression in the lungs from WT and TGF-3 Tg mice was evaluated by
immunohistochemistry. Values in Aand B are mean = S.E. (error bars) from a minimum of four mice in each group. Cisillustrative of three separate experiments.
Arrows indicate AR expressing cells in the airways (AW) (open arrows) and parenchyma (solid arrows). Scale bars, 50 um. *, p =< 0.05.

compared with vehicle alone (Fig. 8). These studies showed that
EGER activation plays an essential role in the pathogenesis of
TGEF-B1-induced collagen accumulation in the lung.

DISCUSSION

This is the first study to show that AR, an EGFR ligand, is
induced by TGF-p1 stimulation and plays a significant role in
TGEF-B-induced pulmonary fibrosis. In this study, we con-
firmed that AR stimulated lung fibroblast proliferation (36) and
further demonstrated a novel regulatory role for AR that medi-
ates TGF-B1-stimulated fibroblast proliferation, myofibroblast
transformation, and ECM accumulation.

As a central mediator of tissue remodeling and fibrosis,
canonical TGF-fB1 signaling involves receptor activation fol-
lowed by activation of Smad proteins (Smad2, 3, and 4) that
translocate to the nucleus and regulate the expression of a num-
ber of TGF-B-specific target genes (37). TGE- 3 is also known to
activate noncanonical signaling pathways, such as PI3K/Akt,
and MAPK signaling (33). The interaction between the Smad-
dependent and Smad-independent pathways is important to
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characterize because it may ultimately determine the final out-
come of TGF-B-stimulated cellular and tissue responses (38).
In support of this interaction, our laboratory and other investi-
gators have shown that activation of PI3K/Akt and ERK1/2
MAPK s critical for the pathogenesis of TGF-B-induced airway
remodeling, epithelial mesenchymal transition, myofibroblast
transformation, and collagen accumulation in the lung (25, 29,
31). However, the mechanisms or molecules that mediate the
interaction between different signaling pathways in the devel-
opment of specific TGF-B-induced tissue phenotypes, such as
pulmonary fibrosis, are still poorly understood. Recent studies
have shown that EGFR signaling plays an important role in
effector function of TGF-B because EGFR signaling was
required for TGF-B1-induced plasminogen activator inhibi-
tor-1 transcription in vascular smooth muscle cells (38) and
TGF-B1-induced COX-2 expression in human bronchial epi-
thelial cells (39). These studies suggest that EGFR signaling may
be important for TGF-f signaling, and here we showed that
intact EGFR signaling was essential for TGF-B1-induced pul-
monary fibrosis. We showed that an EGFR ligand, AR, is
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FIGURE 7. AR regulates TGF-f1-induced pulmonary fibrosis. A, Mallory
trichrome staining of lungs from WT (TGF-B1 Tg (—)) or TGF-B1 Tg mice
treated with scrambled (Sc) or AR-specific siRNA is shown. B, total lung colla-
gen was quantified using Sircol assay. C and D, the expression of AR protein
(€) and mRNA (D) was evaluated by ELISA and RT-PCR, respectively. A is rep-
resentative of a minimum of four mice in each group. Values in Bare mean =
S.E. (error bars) with a minimum of four mice in each group. Values in Cand D
are mean = S.E. evaluations with three replicates. AW, airway. Scale bars, 50
um; *, p = 0.05.

induced by TGEF-f stimulation and modulates both canonical
and noncanonical TGF-1 signaling pathways through activa-
tion of EGFR. AR-induced EGFR activation was critical for the
optimal effector function of TGF-1 associated with fibrogen-
esis because either AR siRNA silencing or chemical inhibition
of EGFR signaling significantly reduced TGE-pB-stimulated
fibroblast proliferation, myofibroblast transformation, and col-
lagen accumulation in the lung. Taken together, these results
show that AR is a crucial mediator of TGF-B-induced pulmo-
nary fibrosis, which integrates TGF-B and EGFR signaling
pathways. These results are also highlighting the importance of
cross-talk between TGF-f and EGFR signaling in the pathogen-
esis of pulmonary fibrosis.

ARO is a member of the EGF family (40). AR binds to EGFR,
as do other EGFR ligands, such as TGF-«, EGF, HB-EGF, beta-
cellulin, and epiregulin. Ligand-induced EGFR phosphoryla-
tion activates normal epithelial, fibroblast, and keratinocyte cell
proliferation and differentiation. In the lung, epithelial and
mesenchymal cells express AR and differentially responded to
AR stimulation in a cell-specific manner in lung branching
morphogenesis (41). Although few studies have been under-
taken to define the specific role of AR in the pathogenesis of
tissue fibrosis, including pulmonary fibrosis, the available
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FIGURE 8. Effect of EGFR inhibition on TGF-B-induced pulmonary fibrosis.
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results have been conflicting to date. In an animal model of liver
fibrosis, AR expression is significantly induced, and the absence
of AR markedly reduced a-SMA expression and collagen dep-
osition in the liver, implicating AR contribution in the develop-
ment or the progression of liver fibrosis (42). In support of this
notion, the use of gefitinib, a EGFR blocker, significantly inhib-
its bleomycin-induced pulmonary fibrosis (22). On the other
hand, Fukumoto et al. (43) showed that administration of rAR
suppressed bleomycin-induced pulmonary inflammation and
fibrosis, suggesting a potential protective role of AR in tissue
fibrosis. These potentially contradictory results may simply
reflect inherent differences in target organs, cellular compart-
ments, or the nature of injury between different experimental
settings. In particular, the complex nature of inflammation and
tissue injury and repair responses to bleomycin significantly
limit accurate assessment of the specific role of AR in the patho-
genesis of tissue fibrosis. In the studies done by Fukumoto’s
group, AR recombinant protein was delivered mostly during
the injury phase (6-10 days after bleomycin stimulation),
which might reduce the bleomycin-induced apoptotic cell
death response. On the other hand, additional AR treatment
would not have significant effects on fibroproliferative repair
phase because bleomycin stimulation itself significantly induces
endogenous AR. Thus, overall fibrosis could be less in the AR-
treated group of mice mainly due to less injury response compared
with controls. In the studies done by Ishii’s group (22), inhibition
of EGFR signaling could have significant effects on the
fibroproliferative phase, because EGFR signaling is essential for
fibroblast proliferation. Although the inhibition of EGFR sig-
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naling may enhance the injury response, overall fibrosis can be
protected due to the inhibition of fibroblast proliferation, a crit-
ical process in tissue fibrogenesis. Therefore, controlled exper-
iments using transgenic animals may provide better mechanis-
tic insights to assess true biological function of AR. Here, we
chose to utilize a Tg mouse model in which biologically active
human TGEF-B1 is specifically overexpressed in the murine lung
in a tightly regulated manner (25). This TGF-81 Tg model
causes a pulmonary phenotype that is consistent with pulmo-
nary fibrosis in humans, characterized by inflammation, airway
and parenchymal fibrosis, myocyte and myofibroblast hyper-
plasia, and alveolar remodeling (25, 29, 37, 44). Utilizing this
tightly controlled and lung-specific Tg model, we showed that
both AR and intact EGFR signaling are required for the optimal
TGF-B1-induced pulmonary fibrosis because both AR siRNA
silencing and selective chemical inhibition of EGFR phosphor-
ylation reduced TGF-B1-induced pulmonary fibrosis signifi-
cantly. Although TGF-B1 Tg mice and fibroblasts stimulated
with TGF-B1 did not show significant changes in expression of
other EGFR ligands (HB-EGF, TGF-q, and epiregulin) (data not
shown), we are not able to completely exclude the possibility
these ligands also contribute to EGFR activation in TGF-B1 Tg
mice. In particular, tissue activation of TGF-« via TNF-a con-
verting enzyme (45) or increased hyaluronic acid (46) might be
implicated in EGFR activation in TGF-B1 Tg mice. The poten-
tial contribution of these mechanisms in TGF-3-specific effec-
tor functions warrants further investigation in future studies.
Interestingly, the clinical use of EGFR inhibitor gefitinib for
lung cancer patients can cause interstitial pneumonia or acute
lung injury with a global incidence rate of about 1% (47). How-
ever, the pathogenetic mechanism of this drug toxicity has not
been clearly understood yet. Because apoptotic epithelial cell
death could be a contributing factor for pulmonary fibrosis,
inappropriate EGFR inhibition, such as high dose and/or
chronic administration of EGFR inhibitors, may underlie these
adverse effects of interstitial fibrosis. Although we do not have
any evidence that EGFR inhibitors induce pulmonary fibrosis
with the doses and duration we employed in current in vivo
studies, AR inhibition instead of using EGFR inhibitors could
be an alternative option to control pulmonary fibrosis to mini-
mize the adverse effects of using EGFR inhibitors.

In summary, these studies showed a novel regulatory role of
AR and EGER activation in fibroblast proliferation and in the
pathogenesis of TGF-B1-stimulated pulmonary fibrosis. AR is
induced by TGF-B1, and AR expression and production lead to
EGER activation that modulates the effector function TGF-S1.
These findings suggest that both AR and EGER signaling are
critically involved in the pathogenesis of TGF-B1-induced pul-
monary fibrosis. These studies also suggest that an intervention
that targets AR and/or AR-EGFR activation pathway could be a
potential therapeutic target in TGF-B-induced pulmonary
fibrosis.
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